Introduction {#sec1}
============

Cells have evolved to produce a great diversity of lipids, providing cellular membranes with remarkable functionality. Within the plasma membrane (PM) alone, hundreds of distinct lipid species serve both as a barrier to the external environment, as well as a solvent for the membrane's protein machinery. It is increasingly clear that the three-dimensional spatial organization of these lipid molecules can have profound effects on protein function.^[@ref1]−[@ref3]^

Synthetic liposomes (vesicles) have proven to be highly successful model systems for elucidating membrane properties that are otherwise difficult to study in vivo. In part, their utility stems from the fact that model membranes, compared to their natural counterparts, are chemically simpler and well-defined, and thereby enable stringent experimental control and detailed theoretical calculations at the molecular level. Nevertheless, the use of model systems requires a careful balancing act, where experimental tractability is weighed against biological relevance. The inherent tension between these conflicting goals is exemplified by transbilayer compositional asymmetry. While the existence of asymmetry in natural cell membranes has been known since the early 1970s,^[@ref4]^ the vast majority of model membrane studies still employ symmetric vesicles, despite concerns about their ability to capture crucial aspects of lipid--lipid and lipid--protein interactions present in vivo.^[@ref2],[@ref5]^ Progress toward more realistic models of cell membranes has been hindered by the lack of a robust method for preparing asymmetric vesicles, including tools for precisely quantifying their composition and degree of asymmetry. Consequently, experimental data from asymmetric bilayers are scarce, and the effects of asymmetry on membrane structure and physical properties remain poorly understood.

Recent years have seen renewed effort toward the production of asymmetric membranes in a wide range of sample geometries, including supported^[@ref6]−[@ref8]^ and unsupported^[@ref9]^ planar bilayers, and freely floating vesicles of various sizes.^[@ref10]−[@ref15]^ Of special utility are large unilamellar vesicles (LUVs) with diameters on the order of 100 nm. Because they are amenable to study by diverse nanoanalytical techniques, LUVs have become workhorse model systems for protein--membrane interaction studies, and structural characterization using small-angle scattering, fluorescence and NMR. While protocols for asymmetric LUV (aLUV) preparation have been developed, they suffer from drawbacks that can compromise the membrane environment or hinder structural characterization. For example, inverted emulsion techniques^[@ref10],[@ref11],[@ref15]^ can provide excellent control of leaflet composition and achieve nearly complete asymmetry, but can trap organic solvents in the bilayer. aLUVs produced by catalyzed lipid exchange^[@ref13]^ are solvent-free, but have relied on a dense sucrose vesicle core for LUV purification. Entrapped sucrose presents an additional and potentially undesirable source of structural perturbation arising from sucrose-lipid interactions^[@ref16]^ and/or membrane tension from the resulting osmotic gradient.^[@ref17]^

Here, we present a novel experimental strategy for determining asymmetric bilayer composition and structure based on differential isotopic labeling of aLUVs. A key aspect of our approach is the use of sucrose-free LUVs to minimize structural perturbations from membrane tension, which required modification of existing protocols for aLUV preparation. We have therefore organized the paper as follows.

First, we describe a modification of catalyzed lipid exchange that eliminates osmotic gradients, enabling the production of large amounts of solvent- and stress-free aLUVs with a well-defined size distribution. We use isotopic labeling to avoid fluorescent or spin-labeled lipids that can potentially perturb bilayer structure. Differentially deuterated donor and acceptor lipids enable the use of NMR and gas chromatography to precisely quantify the compositions of both leaflets following lipid exchange, while small-angle neutron scattering (SANS) is used to determine the bilayer structure with subnanometer resolution.

Next, in order to identify any structural perturbations caused by experimental conditions, we characterized aLUVs with different isotopic variants of 1-palmitoyl-2-oleoyl-*sn*-glycero-3-phosphatidylcholine (POPC) in the inner and outer leaflets. Within measurement uncertainty, these aLUVs were identical to symmetric POPC LUVs with respect to bilayer thickness and area per lipid.

Finally, we undertook a detailed structural characterization of aLUVs having a mixture of POPC and 1,2-dipalmitoyl-*sn*-glycero-3-phosphatidylcholine (DPPC) in the outer leaflet, and POPC in the inner leaflet. SANS analysis revealed both outer leaflet phase separation and interleaflet coupling, with the latter manifested as reduced lipid packing density in the outer leaflet ordered phase. We discuss the implications of this finding for lateral organization in cellular membranes.

Experimental Section {#sec2}
====================

Preparation of Asymmetric LUVs {#sec2.1}
------------------------------

Solvent-free exchange protocols achieve an asymmetric lipid distribution through cyclodextrin (CD)-mediated lipid exchange between donor and acceptor vesicles.^[@ref12]−[@ref14]^ The acceptor vesicles thus provide lipids for the aLUV inner leaflet, while the donor vesicles provide different lipids for the outer leaflet through catalyzed exchange. This process requires coincubation and eventual separation of donors and acceptors, most easily accomplished by taking advantage of density or size differences between the two vesicle populations.^[@ref12],[@ref13]^ Established protocols make use of density differences by trapping a concentrated sucrose solution in the acceptor LUV core, allowing aLUVs to be purified from larger, lower-density donor multilamellar vesicles (MLVs) and residual CD by ultracentrifugation.^[@ref13]^ Our modified protocol reversed this scheme, instead trapping sucrose between the donor lamellae ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf) Figure S2). This important change both eliminated sucrose from the aLUV core, and enhanced the difference in sedimentation velocities between donor and acceptor vesicles, due to the larger size and density of the sucrose-loaded donor MLVs. As a result, low-speed centrifugation (20 000*g*) was sufficient to achieve \>95% purification of aLUVs by mass. Subsequent dilution/concentration cycles with centrifugal ultrafiltration devices (100 kDa molecular weight cutoff, 5000*g*) allowed for the efficient removal of residual sucrose and CD, as well as the ability to exchange H~2~O with D~2~O for small-angle neutron scattering (SANS) and ^1^H NMR experiments. Importantly, the modified protocol yielded large amounts of aLUVs suitable for sample-intensive techniques. Details of the protocol and assessment of sample purity are found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf).

![(a) Illustration of aLUV preparation: (1) methyl-β-cyclodextrin (mβCD) is loaded with lipid from donor MLVs entrapped with sucrose; (2) mβCD catalyzes lipid exchange between donor MLVs and acceptor LUVs; (3) large, heavy donor MLVs are removed by centrifugation; (4) mβCD is removed with a centrifugal concentrator, and the aLUV sample is recovered from the retentate. (b) GC is used to quantify the overall composition of the aLUVs following derivatization of acyl chains to fatty acid methyl esters (FAMEs), and ^1^H NMR is used to quantify lipid asymmetry in a lanthanide shift experiment. For a detailed description of the preparation and assays, see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf).](la-2015-045625_0002){#fig1}

Characterization of aLUV Composition and Structure {#sec2.2}
--------------------------------------------------

Asymmetric LUVs prepared by the new protocol were characterized for donor exchange efficiency, degree of asymmetry and nanostructure using assays designed to avoid large labels that can potentially affect membrane properties. In particular, we exploited the chemical similarity of hydrogen and deuterium, and the ability of gas chromatography (GC), NMR spectroscopy, and SANS to distinguish between protiated lipids and their deuterated counterparts.

The composition of the asymmetric vesicles' two leaflets was determined by combining two assays, each of which relies on isotopically labeled lipids. First, donor exchange efficiency was evaluated for aLUVs having differentially chain-labeled donor and acceptor. Exchange efficiency is directly given by the ratio of labeled to unlabeled lipids, and was readily quantified because the *sn*-1 fatty acid methyl ester (FAME) derivatives (i.e., methyl palmitate and methyl palmitate-*d*~31~) were fully resolved by capillary gas chromatography ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). Second, the degree of asymmetry---i.e., the distribution of lipids between the two leaflets---was evaluated for aLUVs having differentially head-labeled donor and acceptor (i.e., choline vs choline-*d*~13~). The choline distribution was determined using solution ^1^H NMR, which detects choline but not choline-*d*~13~, by quantifying the shift of the outer leaflet choline methyl resonances in the presence of externally added paramagnetic lanthanide ion Pr^3+^ ([Figures S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)).^[@ref18]^ Pr^3+^ does not permeate into the LUV core on the time scale of days, and the interaction is therefore specific for outer leaflet headgroups.^[@ref19]^ Because bilayer defects at the boundaries between gel and fluid domains may facilitate passive ion transport,^[@ref20]^ we also verified that phase-separated vesicles were impermeable to Pr^3+^ during the time required to measure the NMR spectrum ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf) Figure S8).

We used SANS to characterize bilayer structure on the subnanometer length scale. The unique scattering signatures of deuterium and hydrogen generate strong interleaflet contrast for isotopically asymmetric bilayers. Differential donor/acceptor labeling schemes allowed us to independently determine both inner and outer leaflet structural properties, including thickness, headgroup water content, and lateral area per lipid, which is related to lipid packing density ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S9](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)).

SANS data were analyzed using a four-slab bilayer model for the neutron scattering length density (NSLD) profile. The model was constrained with the compositional information obtained from GC and NMR experiments, and lipid headgroup and acyl chain volumes obtained from literature.^[@ref21],[@ref22]^ The addition of independent composition and volume constraints allowed us to reduce the number of fitting parameters. Full details of the model and data analysis are found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf).

Results {#sec3}
=======

Isotopically Asymmetric POPC aLUVs {#sec3.1}
----------------------------------

Because aLUV preparation involves subjecting lipid vesicles to cyclodextrin and centrifugal filtration, it is important to assess structural changes caused by experimental conditions. To this end, we prepared aLUVs composed of POPC and its chain (-*dC*), headgroup (-*dH*), and fully labeled (-*dHC*) isotopic variants ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)), and compared them to symmetric POPC LUVs prepared by conventional techniques.

We first examined a combination of labeled donor and acceptor lipids (POPC and POPC-*dHC*) that is amenable to both GC and ^1^H NMR analysis. This allowed us to characterize the asymmetric vesicles' inner and outer leaflet composition (details are found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). Isotopically asymmetric POPC aLUVs prepared from an initial 2:1 donor/acceptor molar ratio exhibited ∼75% exchange efficiency and a high degree of asymmetry ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Tables S2--S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). Scrambled LUVs prepared with lipid extracted from aLUVs were found to have a symmetric transbilayer choline distribution ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf) Figure S7).

![Characterization of aLUV composition. (a) Upper: ^1^H NMR spectra reveal the outer leaflet (yellow) and inner leaflet (red) population of protiated headgroup lipid, after external addition of the shift reagent Pr^3+^. The black curve is the sum of fitted peaks including trace glycerol and residual mβCD (purple). Lower: the composition of three aLUV samples determined by joint GC, ^1^H NMR, and SANS analysis (see also [Tables S2--S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf) and [Figures S4--S6](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). (b) The stability of POPC aLUVs is demonstrated by the inner/outer distribution of POPC donor exchanged into POPC-*dH* acceptor vesicles, shown immediately following aLUV preparation (0 h, 22 °C) and after 24 h of incubation at room temperature (24 h, 22 °C). A gradual loss of asymmetry is observed over 4 days of incubation at 50 °C.](la-2015-045625_0003){#fig2}

To assess the stability of lipid asymmetry, we exchanged POPC donor into POPC-*dH* acceptor vesicles, and monitored POPC asymmetry with ^1^H NMR. No appreciable flip-flop was observed over 24 h ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), consistent with previous reports for POPC (*t*~1/2~ \> 1000 h at 37 °C).^[@ref23]^ After heating the sample to 50 °C, a gradual loss of asymmetry was observed over the course of 4 days.

Comparing different POPC aLUVs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), small differences in exchange efficiency were observed. Because the amount of exchange depends on several factors including the ratio of donor to acceptor lipid, and the temperature and duration of the exchange step, some sample-to-sample variation in exchange efficiency is not surprising, and further underscores the importance of precise assays for aLUV composition like those described here.

Structural parameters for isotopically asymmetric POPC aLUVs determined by SANS ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)) were (within error) identical to those of symmetric POPC LUVs ([Table S5, Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)), and compared well with literature values,^[@ref21],[@ref24]^ indicating that sample preparation conditions did not alter the bilayer structure. In contrast, comparison of the membrane thickness of symmetric LUVs with and without a 25 wt% sucrose core indicated significant bilayer thinning in the presence of a sucrose core, consistent with osmotically generated membrane tension ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). This finding underscores the importance of stress-free vesicles for characterizing bilayer structure. Centrifugal filtration did not affect vesicle integrity or significantly alter the vesicle size distribution as judged by dynamic light scattering ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf) Table S8).

![Structure of isotopically asymmetric POPC aLUVs at 20 °C determined by SANS. Left: SANS data (open symbols) and fits to the data (solid colored lines) for POPC aLUVs with different isotopic labeling of the inner and outer leaflets ([Tables S2--S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). Upper right: schematic cartoon of the bilayer unit cell used to model SANS data; structural parameters obtained from the analysis include headgroup and hydrocarbon thicknesses (DH and DC, respectively) and area per lipid (AL) for inner and outer leaflets. Lower right: best-fit neutron scattering length density (NSLD) profiles color coded to SANS curves. Recovered structural parameters from left to right: inner leaflet AL, DH, and DC; outer leaflet DC, DH, and AL. Structural parameters are listed in [Table S6](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf).](la-2015-045625_0004){#fig3}

Donor contamination in the form of MLVs and small unilamellar vesicles (SUVs) was not detected by SANS and NMR, respectively ([Figures S12--S15](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)), in asymmetric preparations. However, a small quantity of SUVs was found in donor-only control samples, an indication that minor contamination (\<5% by mass) from donor-derived or mixed donor/acceptor SUVs may intrude in some cases. In particular, a small SUV population in POPC outer/POPC-*dHC* inner samples is inferred from the slightly larger amount of POPC found by NMR in the vesicles' inner leaflet ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). A greater propensity for contamination is expected for lower density donor lipids, due to their reduced separation efficiency from acceptor vesicles. If complete removal of SUVs is necessary, sucrose density gradients can be employed.^[@ref13]^

Chemically Asymmetric DPPC/POPC aLUVs {#sec3.2}
-------------------------------------

We next examined chemically asymmetric aLUVs composed of POPC and DPPC. Exchanging the high-melting donor lipid DPPC (*T*~M~ 41 °C) into low-melting POPC acceptor vesicles (*T*~M~ −2 °C) should increase the outer leaflet order relative to the inner leaflet. For ease of discussion, we will refer to such vesicles as "OO/DI", an abbreviation for "ordered outer/disordered inner".

Our sample preparation conditions employed a 3:1 ratio of DPPC donors to POPC acceptors, with exchange performed at room temperature. Asymmetric vesicles analyzed by GC, ^1^H NMR, and SANS were found to contain 34 mol % DPPC in the outer leaflet and 2 mol % DPPC in the inner leaflet ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a, [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). At room temperature, symmetric bilayers with this outer leaflet composition (i.e., DPPC:POPC = 34:66 mol %) are immiscible and contain coexisting gel and fluid phases, enriched in DPPC and POPC respectively.^[@ref25]^ However, different interleaflet interactions present in asymmetric bilayers may alter the compositions or properties of the coexisting phases, or abolish phase separation entirely.^[@ref9]^

We found that SANS data could not be adequately modeled with a single asymmetric form factor, implying the presence of coexisting phases ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). Indeed, the data were well fitted by a weighted sum of two bilayer form factors, corresponding to coexisting POPC- and DPPC-enriched phases in the outer leaflet and a uniform POPC phase in the inner leaflet ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). The possibility of two distinct vesicle populations with different compositions (which could arise from budding of phase domains) was ruled out by DLS measurements, which indicated a single LUV size distribution centered at ∼130 nm both before and after lipid exchange ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf) Table S8).

![Structure of chemically asymmetric DPPC/POPC aLUVs at 20 °C determined by SANS. Left: SANS data (open circles) for aLUVs composed of DPPC-*dC* and POPC-*dH*, containing 34 mol % DPPC-*dC* in the outer leaflet and 98 mol % POPC-*dH* in the inner leaflet ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)). Experimental data were modeled assuming either a single outer leaflet phase (dashed line) or two outer leaflet phases (solid line) as indicated by schematic vesicles. Right: best-fit NSLD profiles for one phase (lower) and two phase (upper) models, with recovered structural parameters as in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Structural parameters are listed in [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf).](la-2015-045625_0005){#fig4}

Importantly, best fit values of the area per lipid (*A*~L~) indicate a marked reduction in lipid packing density of the DPPC-rich ordered phase (56.7 Å^2^/molecule, [Table S7](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)), compared to typical gel phase packing (47.2 Å^2^ for DPPC at 20 °C).^[@ref26]^ The presence of 18 mol % POPC in the DPPC-rich phase is unlikely to account for this difference: assuming that the areas of individual species are additive, and using a value of 62.7 Å^2^ for POPC at 20 °C^[@ref21]^ yields an *A*~*L*~ of 50.2 Å^2^ for the DPPC/POPC mixture. In fact, our best fit *A*~*L*~ for the outer leaflet DPPC-rich phase lies between this value, and that of fluid phase DPPC (63.1 Å^2^ at 50 °C).^[@ref21]^

Discussion {#sec4}
==========

Interleaflet Coupling in Asymmetric, Phase-Separated Bilayers {#sec4.1}
-------------------------------------------------------------

Our observations for DPPC/POPC aLUVs suggest some degree of interleaflet coupling, whereby a leaflet senses and responds to the physical state of the apposing leaflet. Strong coupling of lipid dynamics has been observed in asymmetric giant unilamellar vesicles (GUVs) having a similar composition to our OO/DI LUVs: when the outer leaflet of POPC acceptor vesicles was partially replaced with brain or milk sphingomyelin (SM), lipid diffusion was reduced in both leaflets.^[@ref14]^ Interestingly, for these asymmetric OO/DI GUVs, inner leaflet structural order was almost completely decoupled from outer leaflet order. This finding is consistent with our structural modeling of asymmetric OO/DI LUVs, in which we observe no change in inner leaflet POPC packing density after partial outer leaflet exchange with the more ordered DPPC. However, we did find substantially altered properties of the outer leaflet ordered domains, which appear to be partially fluidized by coupling to a POPC inner leaflet. In contrast, for OO/DI LUVs in which the outer leaflet was almost completely replaced with SM, little or no decrease in outer leaflet order or transition temperature (relative to pure SM vesicles) was observed.^[@ref13]^ The lower levels of exchange in our DPPC/POPC aLUVs result in an outer leaflet DPPC-rich phase occupying a total area fraction of 0.37; however, we do not know the size and number of DPPC-rich domains, and therefore cannot exclude the possibility that boundary effects and interfacial phenomena are contributing to the observed order. It is likely that both composition (e.g., DPPC vs SM, as well as the extent of outer leaflet exchange) and temperature are important parameters for determining coupling strength in asymmetric bilayers. Establishing the rules that govern interleaflet coupling will be facilitated by the experimental strategy outlined here, which enables direct measurement of inner and outer leaflet structural properties in probe-free bilayers.

Our finding that interleaflet coupling can alter the packing of ordered domains may have implications for cell membrane organization. For example, a unifying theme of raft functionality is the selectivity of raft phases for specific proteins.^[@ref1],[@ref27]^ However, ordered phases in symmetric model membranes exclude most transmembrane proteins, including those thought to partition favorably into membrane rafts.^[@ref28],[@ref29]^ The discrepancies between protein partitioning in vitro and in vivo may be related to the relative packing density of the coexisting environments: significantly greater differences in hydrocarbon chain order are observed for coexisting liquid-disordered (Ld) and liquid-ordered (Lo) phases in model membranes, compared to coexisting phases in PM-derived vesicles.^[@ref30]^ Our early results suggest a previously unconsidered mechanism that can influence the relative packing density of coexisting phases, namely, bilayer asymmetry.

Limitations of SANS Modeling {#sec4.2}
----------------------------

SANS data are relatively featureless, and the possibility of a nonunique fit (especially for models having multiple free parameters) must always be considered. We chose to use a four-slab NSLD model, arguably the simplest reasonable model for asymmetric bilayer structure, in order to minimize the number of fit parameters. We also constrained as many parameters as possible, by incorporating lipid volumetric data obtained from the literature (Table S1 and eqs 15--16 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf)), in addition to leaflet composition information from GC and NMR measurements.

Given the simplicity of the model and the number of constraints that were used, it is not surprising that fits to the SANS data are imperfect, for example near the first scattering minimum at q ∼ 0.2 Å^--1^ of POPCo/POPCi aLUVs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, red curve). The form factor of a perfectly symmetric, flat bilayer should decay to zero at the first minimum, but experimental data obtained from spherical vesicles often show nonzero intensity, even in nominally symmetric bilayers.^[@ref31]^ Consequently, flat bilayer form factors, like those used here, often result in poor fits at minima between scattering lobes for samples having low interleaflet contrast. Still, the fact that reasonably good fits are achieved despite the imposition of many external constraints, gives us confidence that the reported bilayer structure is essentially correct at the resolution of the slab model (i.e., ∼1 nm). The probability of a unique fit can be increased through the joint refinement of data from differently contrasted samples that share a common structure, for example DPPC/POPC aLUVs having different isotopic variants, but similar levels of exchange.

Outlook {#sec5}
=======

We combined SANS measurements with sensitive analytical tools for quantifying asymmetric bilayer composition, resulting in the first detailed structural characterization of an asymmetric model membrane. In aLUVs having a mixture of ordered and disordered lipids in the outer leaflet and a disordered lipid in the inner leaflet, we found distinct differences in structural properties as compared to symmetric LUVs, notably reduced gel phase packing density. Future studies of synthetic asymmetric bilayers mimicking raft phases (i.e., by incorporating cholesterol) will likely result in Ld and Lo phases with more biologically faithful properties and partitioning behaviors. More broadly, the procedures outlined here will pave the way for controlled studies of asymmetric bilayer structure and interleaflet coupling, and of the interplay between transmembrane proteins and biologically relevant membranes.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.5b04562](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.5b04562).Detailed experimental procedures, and theory; eight data tables \[Tables S1--S8\]; three figures relating to sample preparation \[Figures SS1-S3\]; five figures relating to NMR measurement \[Figures S4--S8\]; three figures relating to SANS measurements \[Figures S9--S11\]; four figures relating to contamination assessment \[Figures S12--S15\]; materials and methods ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.5b04562/suppl_file/la5b04562_si_001.pdf))
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